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NATTONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL MEMORANDUM X-717

OPPIMIZATION OF NUCLEAR-ROCKET POWERPTANT PARAMETERS*

By Paul G. Johnson, Glenn R. Cowgill, and James W. Miser

SUMMARY

A method of nuclear-rocket powerplant optimization is presented and
illustrated with an example corresponding to the initial phase of a man-
manned Mars exploration mission. The analysis is intended to determine

the values of reactor flow area, reactor-exit pressure, and reactor length

that produce meaximum residual load. (Residusl load is defined as the
payload plus all items not included in the powerplant, vehicle structure,
propellant, and tankage.) Assumptions and equations are presented in
detail. The example analysis shows that, for the application of an
advanced nuclear-rocket powerplant to a 1,000,000-pound Mars vehicle,
the attaimment of high specific impulse has a strong effect on the
choice of powerplant parameters. Optimum pressure is shown to be rela-
tively low and optimum reactor dimensions are relatively large, which
resulted in low reactor-power density and high powerplant specific
welght. PFurthermore, the optimization is insensitive to changes in
powerplant parameters, so that large off-optimum deviations result in
residual load reductions of only a few percent.

INTRODUCT ION

The selection of design-point values of powerplant parameters for
any type of propulsion system involves a complex interplay of mission,
vehicle, and powerplant characteristics. The optimum compromise among
all the operative factors is seldom, if ever, attained. Early studies
that indicate the important trends and approximately optimum values,
however, are vital to the success of a system development program. The
analysis is usually straightforward in principle but complex because of

*Title, Unclassified.
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the many system components and their mutual interdependence. The ana-
lyst's greatest problem is the prediction of component performance and
weight at a date prior to hardware testing.

Nuclear rockets may be advantageously applied to several types of
mission. The optimum combination of powerplant parameters will be dif-
ferent for each application. Nuclear-rocket powerplants for spacecraft
that start from a low-altitude orbit about the Earth are studied herein.
Similar analyses could be undertaken for surface-launch or suborbital
upper-stage applications of nuclear rockets.

The principal components of the nuclear-rocket system are propellant
and tank, reactor assembly, nozzle, propellant feed system, nuclear
shield, and vehicle structure. The sum of all other components, such as
payload, vehicle controls, and navigation equipment, is termed residual
load.

The reactor assumed for this study is moderated and reflected by
water, which is circulated through the core and the reflector where it
1s cooled by a water-hydrogen heat exchanger. The reactor assembly in-
cludes the core, reflector, pressure shell, reactor control system, heat
exchanger, and water pump and lines. The hydrogen propellant flows from
the tank through the booster pump, main pump, nozzle walls, reflector,
water heat exchanger, reactor core, and nozzle. A small portion of the
hot hydrogen is bled from the exit of the reactor, mixed with cold hydro-
gen leaving the nozzle wall, and then exhausted through the turbine which
drives the hydrogen and water pumps.

The principal parameters that may be varied by the powerplant de-
signer are reactor flow ares, reactor-exit pressure, and reactor length.
These parameters are subject to optimization, which is complicated by
the intricate coupling of the various powerplant components and by the
requirement that payload be the measure of merit. Certain other quan-
tities have physical limits determined by materials, properties, or
geometry. Examples of such limits are maximum fuel-element temperature,
maximum reactor-exit dynamic pressure or Mach number, and minimum fuel-
element hydraulic diameter. Use of the limiting values of these quan-
tities will usually result in the highest attainable vehicle performance.
The values of thrust, specific impulse, and powerplant weight calculated
for each combination of parameters are used to determine vehicle perfor-
mance for each specified mission and stage weight. Optimum values of
flow area, pressure, and reactor length can then be determined on the
basis of maximum residual load.

This report presents the optimization method and shows typical re-
sults for one powerplant type. Previous attempts to optimize powerplant
parameters for orbital-launch nuclear rockets have been of a more pre-
liminary nature (refs. 1 and 2). Component studies, such as those made
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in conjunction with the overall vehicle investigation summerized in
reference 3, have provided data for a more comprehensive solution of the
problem herein,

ANATYSIS
Method

The basic method of powerplant optimization is a straightforward
calculation of vehicle performance for each combination of independent
variables and optimization parameters. Optimization is achieved through
a comparison of values of residual load, which is defined as the payload
plus all items not included in the powerplant, vehicle structure, pro-
pellant, and tankage. Two aspects of the method, which will be given
special consideration herein, are (1) the assumed characteristics of the
several powerplant and vehicle components, and (2) the method of multi-
parameter optimization.

Each powerplant type may require individualized treatment because
the physical limits of one may differ from those of another that is of
contrasting composition or design. For example, the reactor core ana-
lyzed herein is characterized by the use of thin, metallic fuel elements.
Dynamic loadings of such fuel elements are expected to establish the
maximum feasible gas flow per unit area at a specified pressure level.
For a more rigid fuel-element configuration, the limit might be gas
velocity, pressure drop, or thermal stress. The analy51s descrlbed in
the following section uses the dynamic pressure (pV /Zg = vpM /2) as
a physical limit. (Symbols are defined in the appendix.)

Two other guantities are fixed at their estimated limiting values
on the assumption that maximum vehicle performance will result therefrom.
Maximum fuel-element temperature is set by the properties of the materi-
als, the fabrication techniques, and the required operating life. Mini-
mum fuel-element spacing is determined by structural arrangement and
allowable tolerances. In the absence of experimental tests or design
studies of fuel-element configurations, limiting values have been assumed
for both of these paramebters and were based on general considerations of
physical properties and applicable design practice. In a more detailed
study of a particular reactor design, the interrelation of fuel-element
temperature, fuel-element spacing, reactor-exit dynamic pressure, and
various practical design considerations should be evaluated.

The parameters that may be optimized are (1) reactor flow area,
(2) reactor-exit hydrogen pressure, and (3) reactor length. These
variables are of direct significance to the powerplant designer,
whereas such commonly quoted parameters as thrust, reactor power, and
specific Impulse are derived quantities. The optimization will be
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affected by nuclear-stage gross welght and the velocity requirements of
the mission. For the analysis reported herein, however, only one value
of gross weight and one mission velocity requirement are investigated.

Powerplant Component Characteristics

The nuclear-rocket model for the analysis is shown schematically in
figure 1. The reactor concept is characterized by the use of water as
the moderator. ILiquid hydrogen flows from the low-pressure tank to a
turbopump, which consists of & booster pump, & main pump, and a bleed-
driven turbine. The high-pressure propellant from the pump cools the
nozzle and the liquid moderator (by means of & water-to-hydrogen heat
exchanger in the reflector region) before making its final-heating pass
through the reactor core and being expelled through the nozzle. 1In a
water-moderated reactor the moderator makes the circuit shown by the
dashed lines. Cold water (1) enters the core from the water pump, (2)
makes two core passes during which it is heated internally by nuclear
raediations and externally by forced convection removal of reject heat
from the fuel-element regions, (3) transfers the heat to the hydrogen
in the heat exchanger, and (4) returns to the pump. The hydrogen bleed
flow to drive the turbine is visualized as a mixture of hot and cold
propellant gases mixed in a manifold near the reactor exit. Turbine
exhaust 1s available for vehicle attitude control. Reactor controls and
powerplant controls are also included in the weight of the powerplant.
The components are described more fully in the following sections.

Reactor. - The reactor characteristics that directly influence the
optimization of powerplant parameters are:

(1) Reactor-exit hydrogen temperature Te as a function of maximum
fuel-element temperature Tfe,max and a flow-geometry parameter

(GRdfe)o‘z/(LR/dfe), which is, in turn, a function of Pg, T4,
Ips Qes 8nd dpe

(2) Reactor-passage pressure ratio P /P as a function of reactor-
exit Mach number M, and the flow-geometry parameter

(Gpdpe) ™/ (Lp/dg,)
(3) Reactor weight W, and diemeter Dp as functions of reactor
volid area Av and reactor length I

Exit temperature and pressure ratio are determined from a heat-
transfer and pressure-drop analysis that accounts for multipassage
effects, thermal radiation between fuel elements, dissociation and other
property changes in the hydrogen, and axial and radial power distribu-
tions. The computation procedure is described in reference 4 aslong with
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a correlation of typical results. Reactor weights and diameters are
evaluated by criticality calculations similar to those described in
reference 5.

The reactor type selected for optimization is a water-moderated,
tungsten-fuel-element concept. The tungsten is assumed to be enriched
in the isotope tungsten 184 (W184). The criticality calculations are
based on the following assumptions:

Homogeneous bare core composition, . . . . . . . . . . water, tungsten,

uranium dioxide
Effective multiplication factor, Kepp =« ¢« v v o o v o oo o .. 105
Volume ratio of U0, to (U0g + W) . . . . . . 0.15
Weight of tungsten per unit void volume, W /AVIR, lb/cu £ . . . . 400
Enrichment of tungsten with tungsten 184, percent . . .. . . . 78
Enrichment of uranium with uranium 235, percent . . . . . . . . . . 93

Tungsten weight per unit void volume is specified instead of per unit
void cross-sectional area (ref. 5) because dp., rather than LR/dfe

is fixed. The further assumption is made that homogeneous bare core
weights and diameters adequately approximate the results of more complex
analyses of heterogeneous side-reflected reactors. Reactor flow area is
obtained from void area by assuming that A, /Apr is 1.425.

Reactor diameter and weight are presented as functions of void cross-
sectional area and reactor length in figure 2. Changes in length are
shown to have only a small effect on diameter. The diameter values are
in basic agreement with the core dimensions of the HIRE-1l, a similar
water-moderated reactor described in reference 6.

For preliminary optimization purposes, account need be taken of
only the overall weight and diameter characteristics, flow passage con-
figuration, estimated power distributions, and limiting values of dynamic
pressure and maximum fuel-element temperature. The tungsten fuel ele-
ments are assumed to be flat plates stacked in multiple arrays. The
power generation in the fuel plates is assumed uniform except for the
outer plates, each of which generates 10 percent more power than any one
of the inner plates. The axial power distribution is a cosine curve
that goes to zero at either end of the reactor core, and the radial dis-
tribution is uniform from one fuel-element assembly to another. Limiting
values of fuel-plate spacing Spey reactor-exit dynamic pressure Qes
and maximum fuel-element temperature Tfe max are assumed to be 0.06
inch, 20 pounds per square inch absolute, and 5460° R, respectively.

Reactor-inlet temperature has only a small influence on overall
core heat-transfer and pressure-drop characteristiecs. Consequently,
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for the reactor heat-transfer calculation, a simple approximation is
used:

o° 9% °,R
Ty =TN,i+MN,ref—*—'+§;E (Te - ATy - Ty, ) (1)
ref p, X

where Ty i 1is the nozzle-coolant inlet temperature (50° R), and the

second and third terms specify the hydrogen temperature rise across the
nozzle and heat exchanger, respectively; ATN,ref is the nozzle coolant
temperature rise for a reference calculation (from ref. 3) at a tempera-
ture difference G;ef between hot gas and coolant at the nozzle throat,

and QX/QR is the fraction of total reactor power that is transferred

from the moderator to the propellant in the heat exchanger (0.06535).
Nozzle coolant temperature at the throat is assumed to equal

TN,i + 0.5 ATy, and ATN,ref/G;ef is evaluated to equal 0.017 from a

calculation reported in reference 3. All hydrogen physical properties
are obtained from references 7 and 8.

BLYT-d

The correlations of reactor-exit temperature and core-pressure drop
that result from use of the calculation procedure of reference 4 are
shown in figure 3. In figure 3(a), the difference between Tfe,max and

Te is plotted as a function of a flow-geometry parameter
(GRdfe)o'Z/(IR/dfe) and the maximum fuel-element temperature Teo pay-
Pressure does not enter this correlation. Also in figure 3(b), a
pressure-drop parameter ApR/peMg is plotted as a function of the same
flow-geometry parameter and reactor-exit Mach number M. The pressure-
drop curves are so nearly independent of Tfe,max that this variable

has been ignored. The curves in figure 3 are not sensitive to antici-
pated deviations in inlet temperature, plate emissivity, or power dis-
tribution between plates.

Pressure shell. - The reactor is enclosed in a preésure shell con-
sisting of a cylindrical section and a dome-shaped head. The thickness
of the cylindrical shell is determined by hoop stress

D,P

R*X, 1
bpg = TU_L (2)
PS

The dome head is assumed to weigh 50 percent more than a disk of di-
ameter Dy and thickness bpg. The weight of the basic cylinder and
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dome is increased by 20 percent to account for fittings and other struc-
tural features. Thus,

2
D21, P D
: R
Wow = 0.6 n—RL—R—&l 1+ 0.375 — (3)
0

PS

A value of (o/p)PS of 32,400 pounds per square foot per pound per cubic

foot 1s used, based on titanium properties at moderator temperature.
Maximum design stress is about 50 percent of ultimate tensile stress.

Reactor control system. - The weight of the reactor control system,
which consists of rods or drums, actuators, and assoclated sensing and
decision-making equipment, is assumed to be proportional to reactor
volume above a minimum weight of 100 pounds; that is,

Wga = 2o<§ D§1R> (4a)
or

Wge = 100 1b (4b)

whichever is greater. The constant of proportionality is evaluated by
assuming that the control rods occupy 2 percent of the reactor volume
and have an average density of 500 pounds per cubic foot. The control
rods are assumed to account for one-half the reactor control system
welight.

Moderator cooling and circulation components. - Two speclal power-
plant components must be considered when the reactor moderator is a
liquid. A pump is provided to circulate the moderator out of the core,
and a heat exchanger is provided to cool the moderator. 1In the water-
moderated reactor concept, the water is assumed to be cooled by the
hydrogen leaving the nozzle cooling passages. The water pump is to be
driven by a hot-gas-bleed turbine, which may be separate or the same
unit that drives the hydrogen turbopump if satisfactory control and
speed matching can be achieved.

The weight of the water pump and associated piping is assumed to be
proportional to the water-flow rate. The constant of proportionality is




evaluated on the basis of typical, advanced-design liguid pumps and
estimated pipe lengths:

Wyp = 0.5 Wy (5)

For low-flow systems a minimum weight is established at 40 pounds.

The heat exchanger could be optimized by means of parametric
studies of different heat-transfer-surface configurations. Such a com-~
plete treatment is beyond the scope of a powerplant optimization study
and not likely ta improve the overall results significantly over what
can be achieved with a simplified approach. Conseguently, the assump-
tions are made that the water-to-hydrogen heat exchanger is of the
counterflow tube-and-shell type (with hydrogen inside the tubes) and has
the following fine geometry:

Tube inside diameter, in. . . . . « . « . ¢ o o o o . 0.1435
Tube outside diameter, in. e e e e e e e e e e e e e e e 0.1875
Tube arrangement . . . . . . .+« . . ¢ o o 0 . Equilateral triangle
Tube centerline spacing, in. e O -4 45)

Hydrogen total temperatures and pressures at exchanger inlet and
exit are assumed equal to the corresponding values at nozzle cooling-
passage exit and reactor inlet, respectively. The number of tubes is
determined by assigning a value of 0.2 to the exit hydrogen Mach number
MX,e in the equation

W RtX,e
Ny = T\ 12 gy (6)
(Z Din pX,e MX,e X,

Because the heat-exchanger and reactor structure is aluminum, maximum
moderator temperature is fixed at 660° R. Minimum water temperature is
varied so as to yield a minimum tube temperature of 550° R. These two
temperature limitations prevent ice formation in the heat exchanger and
ensure core structure temperatures compatible with aluminum.

The local convective heat-transfer coefficient on either surface is

computed by using the film-temperature correlation with appropriate sub-
stitutions:

0.8 0.4 (7)
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where the subscript f means that the hydrogen properties (including
density) are evaluated at the film temperature

tp = 0.5(ty + ty) (8)

The pressure change in either fluid is calculated by means of the rela-
tion

2 2
et (1 1 AL G

Ap=—<5_"5"4f—d—_: (9)
g€ \P; 2 2gp :

where G 1is the mass velocity; 4 1is the hydraulic diameter; 01, P2,

and o are the initial, final, and average densities, respectively,
(evaluated at film temperature) in the length interval AL; and the
friction factor f 1s evaluated by the turbulent-flow equation

0.046

f =
Reg'2

(10)

Tube length Ly is determined by step-by-step calculations of tem-
perature and pressure along the tube length and an iterative procedure
to satisfy all the prescribed temperature and flow-rate conditions.
Water~flow rate is determined when the value of minimum moderator tem-
perature is reached that satisfies the no-icing requirement. The total
heat rate is specified to be 7 percent of reactor core power (6.535 per-
cent of total reactor power). Nuclear radiation heating of the water in
the heat exchanger is neglected.

Heat -~exchanger weight is the sum of tube and water weights in-
creased by 20 percent to account for shell, headers, and other struc-
tural items:

D - D, D - D.
out njh out in 3 2 =m_2
Wy = 1.2 “ptI%N£<£out - > //( 2 ‘> + pm<sé: St - % Douﬁ)

(11)

where tube density py is assumed to be 174 pounds per cubic foot and
water density varies with temperature.

Nozzle. - A complete analysis of a regeneratively cooled exhaust
nozzle would include (1) contour determination, (2) length optimization,



(3 cooling-passage design with consideration of thermal radiation and
other local conditions, and (4) investigation of multichannel and
pressure-drop effects, which limit the coolant velocity. Nozzle weight
and attainable specific impulse would influence the length optimization.
Such a complex treatment is beyond the scope of this powerplant optimi-
zation,

A less rigorous approach is adopted herein. The assumption is made
that a comparison of the local heat flux and the rate of pressure drop
at the nozzle throat can be used to relate any nozzle to a reference
design. Thus the normalized temperature and pressure variations along
the nozzle length are fixed for the entire family of nozzles in accord-
ance with the results of a more extensive design study (ref. 3). Maxi-
mum nozzle wall temperatures will be limited by the properties of the
materials used. Although a thin-wall nozzle of tubular construction
would involve the least extension of the chemical-rocket state of the
art, preliminary calculations indicate that such a nozzle could not be
regeneratively cooled for the gas temperatures assumed herein. A throat-
wall temperature far exceeding the limits of steels or nickel-base
alloys would be encountered. Consequently, an insulated-wall construc-
tion is postulated, in which molybdenum is used for the gas-side surface.
Gas-side throat-wall temperature Tw g is fixed at 3500° R and coolant-
side throat-wall temperature T* is fixed at 1860° R. The required

ratio of wall thermal conduct1v1ty to wall thickness kw/b is variable
but within the range achievable with a thin region of stagnant hydrogen.

Different correlations of heat-transfer coefficient are employed on
the two sides of the nozzle wall. The equation used for gas-side con-
vection is

0.33

1} 0.027 R 0.8 Pr (12)
U.f = . ef £

where the subscript f means that the hydrogen properties (including
density) are evaluated at film temperature

* * *
tg, r = 0.5(tg + Ty o) (13)

On the coolant side the correlation used for anticipated throat pres-
sures and temperatures (ref. 9) is that used in the heat exchanger:

_ 0.8 _ 0.4
Nu, = 0.021 Re. = Prg (7)
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where the film temperature is
* * *
to g = 0.5(t, + Tw)c) (14)

The ratio of wall thermal conductivity to wall thickness is a function
of heat flux; therefore,

*
S % (15)
by o
v w,g = “w,cC
The throat hgat flux is computed from the gas-side heat-transfer co-
efficient h, evaluated in equation (12):
* *, % *
=h (T, -T 16
a = by (Ty, - T ) (16)
where the adiabatic wall temperature
* * * *
Tow = tg + 0.9(Tg - ) (17)
Also, T* is assumed to equal the reactor-exit total temperature Tes

and thermal radiation from the reactor is considered negligible at the
throat.

In order to evaluate hé (eq. (7)), assumptions must be made re-
* *
garding coolant-side total temperature Tc and total pressure PC at

the nozzle throat. In accordance with the nozzles designed in some
detail for reference 3, the assumptions are that

*
TC = TN,:L + 0.5 M‘N (18)

and

*
P, =1.15 PN’e (19)

Another simplification introduced at this point is the assumption that
nozzle-cooling computations are not sensitive to the small differences
in hydrogen-weight-flow rate caused by extraction of turbine bleed be-
tween the coolant and gas-side passes. Thus, identical weight-flow
rates are used in equations (12) and (7).
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Coolant velocity is a function of flow area as well as flow rate
and density. Flow area and passage hydraulic diameter are determined
by assuming the nozzle to be composed of square channels. The throat
diameter D* is solved for in the equation:

*
% A S (20)
*
Do g
& ¥ rM X
g'g

where Y; and R; are evaluated at t; and p*. When blockage due to

channel walls is neglected, the coolant-side hydraulic diameter at the
throat is

* W
de = —= (21)
C

7D G

*
where Gc is the coolant mass velocity at the throat. The corresponding

coolant velocity (or Mach number Mz) is that value that will satisfy
the heat flux balance

0N

S
@k = ar &= ne(T, - TS (22)

0
|

The channel walls are assumed to act as fins, thereby causing Sc/Sg
to exceed unity. The fin effectiveness is computed from

*
x _ /20
tanh dc
KpPp
Np = - (23)
o 2h,
¢ f kpbp

where the assumed value of kpbp 1is 2.22X10_6 Btu per second per .

Thus,

=1+ 2np (24)

BLYT-d
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Simultaneous solution of the mass velocity equation

¥
* *. % Tcg
G, = p.M (25)
c ce R*t*
ce

and of equations (7) and (21) to (24) is required. The assumptions are

such that MZ does not exceed 0.4 for the cases illustrated in this
report. The corresponding axial pressure gradient on the coolant side
is computed from the equation

* *
L (Ze) oo Teyren (o) 1 (26)
Fl\ax ) T T2 e | F\d&x *
PC TC

where the friction factor f is assumed to be 0.004 and the axial tem-
perature gradient

daT * D* *
T q
( C) = g (27)
dx wer
b, C

After completion of the throat calculations, overall nozzle tempera-
ture rise and pressure drop may be estimated by means of comparisons to
the reference nozzle. The temperature rise ATy 1s assumed to be pro-
portional to the total heat-transfer rate:

-)(--)(-2
aqa Db

_ 8
ATy = ey (28)

a.D
e
W
N ref
where nozzle surface area i1s proportiocnal to the square of throat diam-

eter. TFrom reference 3, (qZD*Z/AENw>ref is evaluated at 0.214 Btu per

pound per ©F. The pressure-drop approximation is also based on calcula-
tions reported in reference 3:

ap_\*
APy = <ax—°) (29)
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where APy 1is in pounds per square inch when (ch/dx)* is in pounds
per square inch per foot.

Nozzle weight is estimated by relating the computed or measured
weights of similar nozzles to a simplified analytical model. No explicit
accounting is made for the variation in kw/bw‘ The convergent section
is treated as a 450—ha1f—angle, right-circular cone with its base diam-
eter equal to 0.9 Dp and its thickness determined by hoop stress at the
maximum diameter:

P (0.9 D)
by o = _E%r____li. (30)
’ , ¢ . .

The weight is increased 40 percent over that of the cone to account for

the channel construction and other structural necessities. A ratio of

stress to density (G/p)N C for the nozzle structural material of 13,600
2

((1b/sq ft)/(ib/cu £t)) is used (Inconel X).

The divergent-section weight is based on a typical contour. An
equation with empirically evaluated coefficients has been derived as a
result of unpublished NASA design and fabrication experience. The re-
sult is included as the second term of the overall nozzle-weight equa-
tion:

. -5 .3 W \
Wy = 4.2X107° DSP. + 6900 —Y___ 31
N RYe £0- 667 (31)
e

where Pg %E_}p pounds per square foot. The first term is the
convergent-section weight and incorporates the assumptions described
previously. Although the derivation is merely approximate, the equation
satisfactorily evaluates the nozzle weight reported in reference 3 and
other similar designs. The equation is based on a nozzle with an area
ratio of 50.

Specific impulse TI,,. is evaluated from reactor-exit temperature
and pressure in accordance with reference 7, with the assumptions of an
area ratio of 50, expansion to vacuum, a velocity correction factor of
0.96, and equilibrium conditions in the expanding gas. The specific
impulse data are reproduced in a convenient form in figure 4.

Propellant feed system. - The propellant feed system is assumed to
be composed of (1) a turbopump with hot-bleed-driven turbine, (2) a
start system, and (3) all related structure and piping. The bleed cycle
is chosen because it appears to be "a serious contender for the job" and
may be analyzed in a straightforward manner. Details of the handling of

6LYT-d
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the bleed flow are not analyzed, but the turbine-inlet temperature is
specified to be 1860° R; and, in the calculation of piping weight, the
assumption is made that the bleed Tlow originates near the reactor aft
face. Turbine exhaust is asSumed to be used for roll control and,
possibly, vector control. No thrust contribution is attributed to the
turbine exhaust.

The liquid hydrogen enters the turbopump from the tank in an essen-
tially boiling condition. A combination of reactor-tank separation dis-
tance, shield thickness, and tank pressure is assumed such that the net
positive suction head (NPSH) is zero. A boost pump with inducer and
vapor separator serves to pump the boiling liquid to a NPSH of 850 feet
(20 lb/sq in.) at the main pump inlet. The boost pump design is based
on the assumption that the local cooling that accompanies cavitation
produces an effective NPSH in the inducer of 50 feet. This effect is
called the thermodynamic suppression head (TSH). The main pump raises
the propellant to its maximum pressure, the value of which is subject to
optimization.

The bleed flow is considered to be a mixture of hot gas from the
reactor exit and cold gas from nozzle-cooling-passage exit. The indi-
vidual weight flows are balanced to give a mixture temperature of
1860° R. The total bleed flow rate is assumed to be proportional to
pump flow rate and discharge pressure:

_ VrpPrp, e (32)
B~ §,200, 000
This equation is based on a turbine pressure ratio of 10 and on turbine
and pump efficiencies of 80 percent. These selections are essentially
arbitrary in that no specific turbopumps were designed for this study.

The predominant influence of the propellant feed system on the
overall propulsion system is its weight. The turbopump is the heaviest
component of the feed system. Its weight is approximated by the sum of
three terms, representing boost pump, main pump plus turbine, and gears,
respectively:

P
1.16 TP, e
vrp  APpp 10, 000wp <_5_o'o" * l'l> 0.4
(NPSH + TSH) ™" (NPSH + 32.6 APBP) ’

All pressures are in pounds per square inch absolute, and NPSH and TSH
are in feet. The coefficient and the exponent of Viop in the first



term are based on the boost pump designs reported in appendix C of ref-
erence 3. The form of the variation with respect to boost pump pressure
rise APpp and effective NPSH is consistent with reference 10. The
second term, which gives the sum of main pump and turbine weights, is
similar in form to the boost pump relation except that (1) the corre-
lation from reference 3 does not indicate an exponent of wpp greater
than unity, and (2) the combined weight is best approximated by two
terms, one porportional to WTPPTP,e and the other to Winp: The rela-

tive magnitude of the two parts is not indicative of the breakdown be-
tween pump and turbine. The third term is a correlation of gear weights
from reference 3. TIf the assumed values of APgp, NPSH, and TSH are
used, turbopump weight becomes

1.16 Prp e 0.4
WTP = 0, 34 WTP + 0.6 WTP (—5-6’6— + 1.1 + 6WTP ! (34:)

Turbopump casing and structure weight is included in Wpp. In making
use of this equation, its empirical nature must be borne in mind. Esti-
mates of turbopump weight seem to vary by factors of two or three from
one study to another, and only the development of flight-weight hardware
will establish a definitive weight equation. Furthermore, the magnitude
of the thermal suppression head must be experimentally established.

The piping and start-system weights are represented by the two terms
in the equation

where PTP,e is in pounds per square inch absolute. The propellant
piping is assumed to be made of titanium with the thickness determined
by hoop stress. Nominal lengths and velocities are assigned. Similarly,
the start system weight is approximate since it is largely a weight of
monopropellant.

Powerplant control system. - The flow controls, which coordinate
propellant flow rate with reactor power and maintain the desired pres-
sures and temperatures, consist primarily of valves, valve actuators,

a flowmeter, temperature sensors, and electronic controls. The assump-
tion is made that the weight of the powerplant control system can be
represented by the equation

0.25 .
W__ = 0. 36
b = 0-11 WTPP‘I'P,e + 30 (36)

S—
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where PTP,e is in pounds per square inch absolute. The fixed weight
is a nominal value for a minimum system weight.

Vehicle Component Characteristics

In addition to the powerplant and the residual load, the nuclear
stage consists of propellant, tanks, nuclear shield, and vehicle struc-
ture. The propellant weight is the dominant quantity and is related to
powerplant characteristics through the specific impulse and the thrust-
to-weight ratio. Tank and structure weights are generally expressed as
functions of propellant or stage weight.

Propellant requirements. - The hydrogen propellant weight for a
specified mission and a specified initial weight in orbit is a function
of effective specific impulse I.r¢ and initial thrust-to-weight ratio

F/WG. Effective specific impulse 1s less than that of the nozzle flow
I,gc because of the bleed flow, which is regarded as a loss as far as

thrust is concerned. In order to compute the effective specific im-
pulse, the following equation is used:

N
Ieff = Ivac W (37)

During powered flight, thrust is assumed to be constant, continuous, and
directed tangent to the velocity vector. Specific impulse is also
assumed constant,

Computation of propellant consumption during powered flight is ac-
complished by numerical integration of the equations of motion. The
particular forms of the equations used in the analysis are as presented
in reference 11. A Runge-Kutta numerical integration procedure is used
to obtain solutions. The Earth is represented by an inverse-square cen-
tral force field. The radius of the Earth is taken to be 3959 miles and
its force constant is assumed to be 95,640 miles3 per second?.

Tank. ~ A simplified approach to the estimation of tank weight is
used in the optimization study. The tank weight is assumed to be pro-
portional to the weight of propellant in the tank:

W,

n = 0.08 W

P,T (z8)

This weight includes insulation and thermal-radiation shields. The con-
stant of proportionality is adopted from reference 12. The compromise
among tank pressure, turbopump weight, reactor-tank separation distance,



and shield weight is not attempted in the analysis reported herein. 1In
addition to adding a large complication to the calculation procedure,
such an analysis requires knowledge of propellant mixing while being
heated in the tank. This is an area of some disagreement and requires
research in zero gravity with internal heat generation.

An allowance for venting and pressurization gas (boiloff hydrogen)
is provided by specifying that the propellant in the the tank is percent
greater than the amount fed to the powerplant; as a result,

Wp p = 1.025 Wp (39)
where Wp 1is the propellant weight computed in the trajectory analysis.

Nuclear shield. - Without computing the optimum compromise among
shield weight, separation distance, tank pressure, and turbopump weight,
the shield weight is a rather arbitrary quantity. TIts relation to re-
actor diameter is easily visualized, but its magnitude is more difficult
to establish. The base point used for the study is 150 pounds for a
400-megawatt reactor, which is 3.3 feet in diameter (ref. 3). This
shield weight represents the amount required to limit propellant heating.
Biological shielding and specific mission demands would necessitate addi-
tional shielding considerations that are beyond the scope of the power-
plant optimization described herein. Thus,

2
Wyg = 14 Dg (40)

Use of this equation implies that all propellant tanks subtend the same
solid angle from the radiation source and that the effect of observed
differences in reactor power is unimportant to the optimization.

Vehicle structure. - The structure that connects the payload, tank,
and powerplant is not subjected to high loads during nuclear-powered
flight. All appreciable loads, both axial and transverse, are encoun-
tered during boost. The nuclear-stage structure 1s not stressed for
boost loads, but the interstage structure between the nuclear vehicle
and the booster is assumed to carry these loads during boost and then
to be jJettisoned. Since launch operations have not been considered
in this study, neither interstage weights nor numbers of launch vehi-
cles have been estimated.

The nuclear vehicle structure, which supports the payload and the
powerplant from the pressure-stabilized tank, is relatively lightweight.
On the basis of references 3 and 12 and other similar studies, the

.
v
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assumption that vehicle structure weighs 4 percent of the nuclear-stage
weight appears reasonable, especially for small stages:

Wop = 0.04 W, (41)
Optimization

The objective of the analysis is to maximize the residual load
WRL for the specified combination of gross weight, mission, and limit

variables (Tfe,max’ de» @nd sp.). The values of the optimization vari-

ables (Pg, App, and Ig) corresponding to maximum residual load are

referred to as optimum values of these parameters. The parameters are
of more importance than the computed magnitudes of residual load; in
many cases, the sensitivity of the optimization to changes in these
parameters is more significant than the exact optimum values. Therefore,
a graphical presentation of the results is of sufficient accuracy and
provides a ready visualization of the important trends.

For preliminary calculations, wherein the number of combinations
of parameter values is relatively small, a straightforward optimization
procedure is acceptable. A value of residual load is calculated for
each set of parameter values; the equations and techniques specified

herein are used. The results are combined on a plot of WRL as a func-

tion of one of the optimization parameters (e.g., P.) with curves for
each combination of the other two parameters (Aff and IR)' An envelope

curve can then be drawn enclosing all the curves. The highest point on
the envelope curve is the optimum point. Optimum values of the param-
eters can be read directly or can be estimated from the points of tan-
gency between the envelope curve and the families of curves lying within.

A more complete study of this type might involve too many combina-
tions of parameter values for economical application of the straight-
forward method. Techniques are available in the field of modern mathe-
matics, such as the method of steepest ascent, which can handle complex
multiparameter optimization problems.

RESUITS AND DISCUSSION
Scope of Analysis

The results reported herein were obtained by using the following
parameter ranges or values:

Dynamic pressure, Qg, 1b/sq in. . + v v 4 4 4 . 4 w4 e o 4w . .. 20
Maximum fuel-element temperature, Tpq povs R o v« v o o & . . . 5460
2
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Fuel-element spacing, Bpey 1N o v o o o o oo oo oo . ... 0,06
Nuclear-stage gross weight, WG 1 . . e e 4 o s+ & ¢ & « . 1,000,000
Mission hyperbolic velocity, Vi, mlles/sec T
Reactor flow area, App, s £t . . . . . . . . . . o o o000 oL 2-7
Reactor-exit pressure, P, Ib/sq in, abs . . . . . . . . . . . 200-1000
Reactor length, L i T 3-4

The last three quantities, the optimization parameters, are varied over
large ranges in an attempt to include the optimum points and to show any
sensitivity of residual load to off-optimum conditions. The listed
fuel-element temperature and spacing are representative of anticipated
practical limits. The temperature of 5460° R is approximately 80 per-
cent of the melting temperature of tungsten and, therefore, a reasonable
operating limit. The spacing of 0.06 inch is believed to be acceptable
if care is taken to maintain small tolerances on fuel-element dimensions
and minimize relative movement. The nuclear—stage gross weight in orbit
is representative of menned interplanetary spacecraft (ref. 12), and the
velocity requirement (Vh = 3.5 miles/sec) corresponds to the first pro-

pulsion phase of a fast round trip (e.g., a 420-day Mars round trip at
the 1980 opportunity). The equivalent velocity increment, from orbital
start, is about 2.85 miles per second.

Presentation of Results

The mode of optimization and the presentation of results are illus-
trated in figures 5 and 6. 1In figure 5 residual load is plotted as a
function of reactor flow area with several curves corresponding to speci-
fied values of reactor-exit pressure. The entire family of curves in
figure 5 is for specified values of dynamic pressure (20 lb/sq in. ),
maximum fuel-element temperature (5460° R), fuel-element spacing
(0.06 in.), nuclear-stage gross weight (1,000,000 1b), and hyperbolic
velocity (3.5 miles/sec). Figures 5(a), (b), and (c) are for reactor
lengths of 3, 3.5, and 4 feet, respectively. The dashed line represents
an envelope curve, the upper bound of each constant-length family of
curves. Each envelope i1s the locus of maximum-residual-load points over
the chosen range of flow area, and the highest point on the envelope is

the true optimum point for the specified combination of Ig, Qg Tfe,max’

Spes Wgy and Vy. The envelope curves from figures 5(a) to (c) are
combined in figure 5(d) to indicate the overall optimum.

Figure 6 presents the same data as in figure 5 plotted in different
form. TIn figure 6 residual load is plotted against reactor-exit pres-
sure with lines of constant reactor flow area. TFigures 6(a) to (c)
present the results for the three reactor lengths selected, and fig-
ure 6(d) summarizes the resulting envelope curves (i.e., the dashed

; R~
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lines in figures 6(a) to (c)). The significance of the shapes and rela-
tive positions of the various curves will be discussed later in the re-
port.

It should be noted that the envelope curves plotted as a function
of Apr and P, are related only at the maximum residual load point.

Values of Wpy less than the meximum values can be attained by an infi-

nite number of parametric combinations. Thus, envelope curves such as
those in figure 5(d) show the maximum residual load, which may be ob-
tained with a specified reactor flow area. In figure 6(d) the maximum
attainable values of Wgy for specified pressures are shown, but the

flow areas required are not illustrated for off-optimum conditions.
Thus the envelope curves are presented only to reveal the sensitivity
of overall performance to changes in the optimization parameters, and
complete data representations such as figures 5 and 6 must be consulted
for more detailed information.

In figures 7 and 8, the values of residual load are plotted against
reactor-exit temperature and initial thrust-weight ratio, respectively.
Since T, 1is independent of App, the points plotted in figure 7 are
the maximum values of Wpy, for each specified reactor-exit pressure,
as read from figure 6. Figure 8 is presented in three parts, one for
each value of Lg, and estimated envelope curves are drawn in near the
maximum Wy points.

The results of the optimization, presented in figures 5 to 8, show
the integrated effect of many factors. A study of this type is chiefly
useful to reveal major trends and relations. Consequently, detailed
description of the vehicles and powerplants is not attempted. Rather,
the results are discussed qualitatively. Because of the many assumptions
involved, quantitative results should not be given great attention. For
example, the values of residual load shown in the figures are suiltable
only for relative comparison; a design study would be required to evalu-
ate the payloads reliably. Furthermore, all the results presented herein
are for specific conditions (mission, stage weight, materials limits,
and component characteristics). Thus the quantitative results have only
limited applicability, whereas the qualitative observations may be of
more general significance.

Among the more important results of the study are (1) the general
magnitudes of the parameter values, which are shown to be near optimum,
and (2) the shapes of the various envelope curves. An understanding of
the compromises involved in the evaluation of optimum conditions can
aid in planning research programs. Similarly, the shapes of the curves
reveal the degree of sensitivity of overall performance to changes in
the individual parameters. On this basis, early research effort can be
concentrated in the most fruitful areas.
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Optimization of Flow Area, Pressure, and Reactor Length

The data presented in figures 5 to 7 reveal that the attaimment of
high specific impulse is a strong factor in the optimization of Agpe,

Pey, and Lg- Effective specific impulse is a function of reactor-exit

pressure and temperature and of bleed-flow rate. The qualitative dis-
cussion that follows reviews the principal influences of each parameter
in order to arrive at an understanding of the integrated effect.

A reduction in reactor-exit pressure influences I pp 1in three
ways: by (1) reducing the mass velocity GR and, thereby, increasing

reactor-exit temperature T, (fig. 3(a)); (2) increasing the
dissociation-recombination effects, which raises 1I,,., at a specified
temperature (fig. 4); and (3) reducing the bleed-flow requirement

(eq. (32)). The resulting change in Te affects Ivac to about the
same extent as does the dissociation-recombination phenomenon. Since
bleed flow is assumed to contribute no thrust, the bleed requirement

has a significant effect on I ppe, and amounts to as much as the first
two influences combined at the higher pressures considered. These three
influences tend to lower the optimum pressure.

A reduction in P, must be accompanied by an increase in reactor
flow area in order to maintain the thrust-weight ratio near optimum and
prevent excessive gravity loss. The resulting rise in powerplant weight
tends to counterbalance the forces acting to reduce P,. In this re-
spect, the increases in reactor and pressure-shell weights are greater
than the reductions in propellant-feed-system weight. Thus, an optimum
combination of P, and App will correspond to the point of balance
between changes in propellant weight and powerplant weight.

An increase in reactor length influences the overall optimization
in two ways: by increasing T, (fig. 3(2)) and by increasing reactor
weight (fig. 2(b)). Coincident effects on pressure drops and other
powerplant components weights are secondary. Since the reactor length
enters the heat-transfer correlation to the first power in the flow-
geometry factor (fig. 3(a)), Ly has a strong effect on T, and, thus,
on I,,,- The effect diminishes, however, as Te approaches Tfe,max
and as fuel-element-passage length-diameter ratic becomes large. As
illustrated in figure 7, equal increments in IR produce rapidly di-
minishing increments in Te‘

The net result of these opposing trends is shown in figures 5

and 6. Optimm A.. (fig. 5(@)) is relatively large: about 6 square
feet. Optimum P, (fig. 6(d)) is relatively low: about 400 pounds

6LYT-d
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per square inch absolute. Optimum LR is Just over 4 feet, which gives

a reactor length-diameter ratio of about 0.8 and a fuel-element-passage
L/d of over 400. Figure 7 shows that the optimum Te is slightly

greater than 5230° R, only about 200° below Tte,max”

All curves in figures 5 to 7 are very flat, in the sense that illus-
trated variations in WRL are small in relation to the magnitude of the

residual load. Consequently, the optimum values of the various param-
eters are not well defined, and large deviations from the optimum point
could be tolerated. For example, figure 5(d) shows that Aff could be

reduced from 6 to 4 square feet with less than 1 percent reduction in
Wgr. The corresponding pressure (fig. 5(c)) would be about 600 instead
of 400 pounds per square inch absolute. Similarly, P, (fig. 6(d))

could be reduced by a factor of 2 (to 200 instead of 400 lb/sq in. abs)
with almost no loss in Wgy provided that the flow area (fig. 6(c))

was about 7.5 square feet. TFigures 5(d) and 6(d) also show that a re-
duction in ILp from 4 to 3.5 feet would penalize the overall perform-

ance by less than 1 percent of maximum WRL‘

Optimization of Initial Thrust-Weight Ratio

Previous studies (e.g., refs. 1, 2, and 12) have indicated that
optimum initial thrust-weight ratio F/WG for orbital launch of nuclear

rockets is about 0.2 to 0.4. The data presented in figure 8 substantiate
the earlier conclusions; maximum W for all P corresponds to F/WG
slightly under 0.3. Reactor length does not appear to affect the opti-
mization significantly. Only the highest portions of the envelope

curves are drawn in figure 8 because the high-thrust cases required to
extend the envelopes would have necessitated values of Aff beyond the
available reactor data.

At a thrust-weight ratio of 0.28, the thrust is 280,000 pounds and
the reactor power is approximately 6600 megawatts. The corresponding
reactor~-power density, computed by dividing the total power by the total
reactor volume, is about 80 megawatts per cubic foot. In the core of a
reflected reactor, the optimum power density would be about 25 percent
higher.

The existence of an optimum power density means that pushing the
pover density of a given reactor design to the limit is undesirable.
For a given core type and general configuration, the optimum flow area,
pressure, and length will generally result in a power density far below
the maximum attainable value. This is equivalent to stating that as
long as specific impulse is related to pressure and reactor dimensions,
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as in the case analyzed herein, maximum powerplant thrust-weight ratio
(or minimum powerplant specific weight) is not the best basis for design
selection.

Because of the expanded Wgy scale, the illustrated variations
due to changes in F/Wy are very small. All computed values of Wpy

fall within a 10 percent spread. Thus, without sacrificing more than
3 or 4 percent of maximum residual load, the thrust-weight ratio and
the reactor-power density could be cut in half. This decrease in power

density would probably be accomplished by operating at values of reactor-

exit pressure and dynamic pressure about one-half of the optimum values
(i.e., about 200 and 10 1b/sq in., respectively). The estimated penalty
of 3 or 4 percent is based on unpublished calculations since only one
value of q, Wwaes used in the study reported herein.

Effect of Assumptions

Since the optimization of powerplant parameters is chiefly the
achievement of a balance between opposing trends in propellant and
powerplant weights, any assumptions that affect these weights signifi-
cantly will affect the results of the optimization. TFor example, the
assumption that turbine exhaust contributes no propulsive thrust magni-
fies the penalty in specific impulse due to bleed flow. A more compre-
hensive analysis should involve the determination of bleed-flow spe-
cific impulse and of the fraction of control-jet thrust, that contrib-
utes to vehicle propulsion. Another such assumption is that of equi-
librium expansion in the nozzle; this assumption favors low pressures
because of the increase in T .. resulting from recombination. If the

nozzle gas state were somewhere between equilibrium and frozen, optimum
pressure would be somewhat higher than the values indicated herein.

Among the various components of the powerplant, only two are of
sufficient magnitude to have much effect on the overall optimization.
Reactor weight is one component; the selection of a water-moderated
reactor produces a lower optimum reactor power than would have been

obtained for a system employing a reactor of more nearly constant weight.

Optimum flow area is also higher because of this moderator choice. The
other prominent component weight is (or could be) that of the nuclear
shield. In this study, a relatively lightweight shield, which is in-
tended only to prevent excessive boiloff in the propellant tank is in-
cluded. Should the reference shield weight be considerably higher, in
order to provide biological shielding or to protect a more closely
coupled tank, the optimization would be more sensitive to changes in
flow area. As a result, optimum Aff would be lower and optimum Pe
would be higher.

B6LYT-H
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Specified values of gross welght and hyperbolic velocity will in~
fluence the optimization to the extent that they affect the relative
magnitudes of propellant and powerplant weights. As vehicle weight is
increased, the powerplant becomes smaller in proportion to the propel-
lant weight, and residuval load will be less sensitive to changes in
powerplant parameters. On the other hand, as hyperbolic velocity in-
creases, the propellant will constitute an increasingly greater part of
the total vehicle weight. As a result, those factors that influence
Iepr and F/WG will become more significant as the mission becomes

more difficult.

The assumed value of minimum fuel-element spacing has a strong
effect on the optimization of reactor length. Optimum fuel-element
length-diameter ratio tends to remain relatively fixed for a particular
type of system. Consequently, optimum Ig will tend to vary directly
with sp,. Other limit variables, such as dynamic pressure and fuel-

element temperature, will probably have only a small influence on the
overall optimization. The assumed value of e Will enter into the

relation between P, and Gp and, thereby, affect the fuel-element
heat transfer. The increase in optimum Pe corresponding to reduction

in de from 20 to 10 pounds per square inch, however, is not expected
to be more than 20 percent.

CONCLUDING REMARKS

The twofold purpose of this report is to (1) present a method of
powerplant parameter optimization, and (2) illustrate the technique with
a sample calculation. Accordingly, the assumptions and equations have
been listed in detail. The example gives a qualitative insight into the
interactions of the various powerplant and vehicle characteristics. Al=~
though the calculations have been carried out for a particular set of
assumptions and specifications, the resulting trends and relations are
instructive in a more general sense.

The specific results apply to nuclear rockets that employ advanced
reactors, typified by the water-moderated, tungsten 184 fuel-element
concept used herein, and that have initial weights in orbit of about
1,000,000 pounds. This gross weight and the specified velocity require-
ment of the mission are typical of the earth-escape portion of a manned
vehicle for Mars exploration. Thus the situation that has been analyzed
is the application of an advanced nuclear-rocket powerplant to a manned
interplanetary mission starting from Earth orbit.

The results show that the attainment of high specific impulse is a
strong factor in the optimization of such powerplant parameters as
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reactor flow area, reactor-exit pressure, and reactor length. The im-
portance of achieving low reactor-exit pressure, high reactor-exit tem-
perature, and low bleed flow rate is shown to be great enough to make
optimum pressure only about 400 pounds per square inch absolute. The
corresponding reactor flow area is approximately 6 square feet, which
gives an optimum reactor power density of only about 80 megawatts per
cubic foot. Thus, the attainment of high specific impulse is of more
importance than the attainment of minimum powerplant specific weight.

Residual load is not very sensitive to changes in the optimization
parameters, especially at large values of vehicle gross weight. Conse-
quently, large deviations from the optimum values of reactor flow area,
reactor-exit total pressure, and reactor length correspond to losses in
residual load of only 1 or 2 percent. Initial thrust-weight ratio can
probably be reduced by a factor of 2 from the optimum value of about 0.3
with a loss in residuvual load of only 3 to 4 percent of the residual
load. Reactor-power density can be reduced proportionately if the
thrust is lowered by making changes in dynamic pressure and reactor-
exit total pressure rather than in reactor dimensions.

The optimization technique described herein can be used to evaluate
many of the complex interrelations among powerplant components. With
slight modifications it can be used to study other types of nuclear-
rocket powerplants, In this way the areas of most sensitivity can be
revealed early in the nuclear-rocket research and development process,
and primary attention can be directed toward those areas where the
largest gains are possible.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, August 1, 1962
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APPENDIX - SYMBOLS
cross-sectional area
thickness
specific heat at constant pressure
diameter
hydraulic diameter
thrust
Fanning friction factor
mass velocity, W/A
weight-to-mass conversion factor, 32.174 lb/slug
heat -transfer coefficient
effective specific impulse
specific impulse in vacuum
thermal conductivity
effective multiplication factor
length
Mach number
number
Nusselt number
total pressure
Prandtl number
static pressure
power

heat flux

27
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de dynamic pressure at reactor exit
R gas constant for hydrogen

Re Reynolds number

S surface area

s spacing

T total temperature

t static temperature

v velocity

W weight

w weight flow rate

X axial distance

Y ratio of specific heats
ul effectiveness

2] temperature difference between hot and cold streams
o] weight density

o design stress
Subscripts:

aw adiabatic wall

BP booster pump

b bulk

C convergent section
c coolant side

e reactor exit

F fin

f £1ilm
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out

PC

PS

RL
l ref

SP

— e

ST

fuel element

free flow

gross (initial)

hot gas side

hyperbolic

reactor-core inlet

inner, heat-exchanger tube
moderator

maximum

nozzle

nozzle coolant-side exit
nozzle coolant-side inlet
nuclear shield

outer, heat-exchanger tube
propellant

powerplant control system
pressure shell

reactor

reactor control system
residual load

reference design

start system and piping
vehicle structure

tank
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TP turbopump

TP, e turbopump exit

t tubes

v void

W tungsten

WP water pump

W wall

X heat exchanger

X e heat -exchanger exit
X1 heat -exchanger inlet
B bleed

1 cold end

2 hot end
Superscript:

* nozzle throat
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Figure 1. - Schematic diagram of nuclear rocket showing propellant
and moderator flow circuits.
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Figure 2. - Varlation of reactor diameter and welight with void
area and reactor length. Effective multiplication factor,
1.05; moderator, water; fuel-containing material, tungsten 184
(78 volume percent); volume ratlo of uranium dicxide Lo uranium
dloxide plus tungsten, 0.15; weight of tungsten per unit of
vold volume, 400 pounds per cublc foot; uranium 235 enrichment,

93 percent.
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Max. fuel element temp. minus reactor-exit
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(a) Variation of difference between maxlimum fuel-element
temperature and reactor-exit temperature with flow-
geometry parameter and maximum fuel-element temperature.
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(b) Varlation of reactor pressure-drop parameter with flow-

geometry parameter and reactor-exit Mach number.

Figure 3. - Reactor heat-transfer and pressure-drop
characteristics.
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Residual load, Wgy, 1b

1’

(a) BEffect of reactor-exit total pressure.

Reactor length, 3 feet.

Figure 5. - Variation of residual load with reactor flow area.
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Residual load, wRL’ 1b
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(b) Effect of reactor-exit total pressure. Reactor length, 3.5 feet.
Figure 5. - Continued. Variation of residual load with reactor flow area.
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Residual load, Wgy, 1b
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(¢c) Effect of reactor-exit total pressure. Reactor length, 4 feet.
Figure 5. - Continued. Variation of residual load with reactor flow area.
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Residual load, WRL’ 1b
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(d) Comparison of envelope curves.
Figure 5. - Concluded. Variastion of residual load with reactor flow area.
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Residual load, WRIH 1k
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(a) Effect of reactor flow area.

Figure 6. -~ Variation of residual load with reactor-exit

total pressure.

Reactor length, 3 feet.
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Residval load, Wgy, 1b
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(b) Effect of reactor flow area. Reactor length,
3.5 feet.

Figure 6. - Continued. Variation of residual load
with reactor-exit total pressure.
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Residual load, WRIF 1b
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(c) Effect of reactor flow area. Reactor length, 4 feet.

Figure 6. - Continued. Variation of residual load
with reactor-exit total pressure.
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Residual load, Wgrp, 1b
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(d) Comparison of envelope curves.

Figure 6. =- Concluded. Variation of residual load
with reactor-exit total pressure.
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Residual load, Wgy, 1b
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Figure 7. - Variation of residual loaed with reactor-exit total temperature for
various reactor lengths.
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Residual load, Wgyg, 1b
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(a) Reactor length, 3 feet.
Figure 8. - Effect of reactor-exit total pressure

on variation of residual load with initial thrust-

weight ratiqf
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Residual load, WRL’ 1b
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(b) Reactor length, 3.5 feet.
Figure 8. - Continued. Effect of reactor-exit total

pressure on variation of residual load with initial
thrust-weight ratio.
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Residual load, WFL’ 1o
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Figure 8. - Concluded. Effect of reactor-exit total pressure

on variation of residual load with initial thrust-weight
ratio.
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